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Introduction
 The world population is expected to increase 
from 6.5 billion in 2005 to 9.1 billion by 2050 [1]. Rapid 
population growth results in increasing demands for 
energy resources and increased sustainable wastewater 
treatment capacity. World energy consumption is expected 
to increase by 56% from 2010 to 2040 [2]. Accordingly, 
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Abstract
  Finding alternative sources of energy for the growing world’s demand is a challenging task being considered 
by many scientists and engineers. Various types of renewable energy alternatives are being investigated by researchers 
around the world. In addition to their capacity for nutrient, metal and pharmaceutical and personal care product 
contaminant removal from wastewater, the abundance of duckweed (i.e., Lemna and Wolfia sp.) in wetlands and 
wastewater lagoons, and their rapid growth and need for biomass harvesting suggests their potential as an inexpensive 
source of biomass for Biofuel production. Two lab-scales, 10 L anaerobic digesters initially seeded with municipal 
wastewater digester sludge were constructed, maintained and monitored over the course of more than 24 months using 
duckweed as the sole carbon source to evaluate its effectiveness as biogas feedstock. The pH, gas production rate and 
gas composition were measured on a daily basis. The results from these measurements show that the stabilization of 
harvested duckweed via anaerobic digestion also represents an efficient means of Biofuel production in the form of 
methane gas.
 Methane production, solids and COD stabilization, and gas composition results from the duckweed fed 
anaerobic digesters are discussed in detail in this paper. These results were used to determine potential energy production 
from biomass harvesting for the control of total P from a municipal wastewater treatment lagoon in Northern Utah.
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finding sustainable alternative sources of energy for a growing population and utilizing waste treatment technologies 
that have a positive impact on this energy demand is a challenging task. 
 Energy sources can be categorized into nonrenewable and renewable. Nonrenewable sources include fossil fuels 
(coal, oil and natural gas) and nuclear fuels including uranium. Fossil fuels are currently the major source of energy in 
the world. However, extraction, refining and usage of fossil fuels results in large emissions of greenhouse gases; the 
main drivers for climate change. According to EPA [3], 78% of the greenhouse gas emissions in the world in 2011 were 
due to fossil fuel production and use. In 2012 approximately 82% of the world’s energy was produced from fossil fuels; 
this is estimated to decline to 80% by 2040 [4].
 Hydropower, wind, geothermal, solar and biomass can be considered renewable energy sources. These energy 
sources are considered more environmentally benign than fossil fuels both in the production stage and in the use stage 
The fastest growing energy source in the world is the renewable energy [5]. It is estimated that consumption of renewable 
energy will increase by 2.3% per year, between 2015 and 2040 [5]. Figure 1 shows the energy supply sources in the USA 
for 2016. As shown in Figure 1, 10% of the total US energy portfolio was supplied by renewable energy sources, with 
47 % of this renewable energy coming from biomass sources.
Figure 1: Energy Supply Sources in the USA in 2016 [5]
 In this paper, biogas production using organic matter generated from the growth and harvesting of duckweed 
used in municipal wastewater treatment is considered. Duckweed is an aquatic plant that grows rapidly on the surface of 
nutrient rich water bodies, such as wastewater lagoons. Many studies have described the growth rate of duckweed under 
various environmental conditions. According to Leng et al. [6], duckweed grows optimally in nutrient rich lagoons that 
are protected from wind at pH conditions between 6.5-7.5. Caicedo et al. [7] investigated the effects of the ammonia 
concentrations and pH on duckweed (Spirodela polyrrhiza) growth rate. According to Landesman et al. [8], duckweed 
can double its biomass in 2 days under optimal conditions. Chaiprapat et al. [9] studied the effects of nutrient content in 
duckweed biomass on the duckweed growth rate in the swine wastewater. Also, they modeled the effects of duckweed 
density on nutrient uptake and the growth rate of duckweed. Higher standing densities of duckweed resulted in lower 
growth rates. Frédéric et al. [10] also investigated the effects of standing density of duckweed (Lemna minor) on its 
growth rate under controlled conditions and developed a model accordingly.
 Various researchers have studied the nutrient removal characteristics of different species of duckweed, 
demonstrating duckweed is capable of effectively removing nitrogen and phosphorus and improving water quality [11 
23]. Vermaat and Hanif [14] observed that nutrient removal from wastewater by Lemna gibba and Spirodela polyrhiza 
can be very effective, especially for total phosphorus. Perniel et al. [15] studied the efficiency of nutrient removal by 
various species of duckweed (mono- or mixed-cultures) in a storm water detention pond in Minnesota over an 8- week 
experiment. Their study showed that Lemna minor removed the highest amount of ammonia, while a mixed-culture of 
Lemna minor and Spirodela polyrhiza removed the highest amount of phosphorus. Bergmann et al. [17] investigated the 
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effect of three duckweed isolates on nutrient removal from swine lagoon effluent during a 12-day experiment with every 
other day harvest frequency. Nutrient removal of 83% for total Kjeldahl nitrogen (TKN) and 49% for total phosphorus 
(TP) was observed when Lemna minor was grown on 50% lagoon effluent. Cheng et al. [18] also studied nutrient 
removal from swine wastewater by Lemna minor in vitro and under field conditions. Their study showed that for 
lower concentrations of nitrogen and phosphorus, duckweed uptake was the major nutrient removal pathway, while 
removal efficiency decreased with increasing nutrient concentrations in the wastewater. Xu and Shen [20] investigated 
the removal of nutrients from swine wastewater by Spirodela oligorrhiza. Their research showed 83.7% total nitrogen 
removal and 89.4% total phosphorus removal from a 6% swine wastewater with initial duckweed lagoon coverage of 
60%, during an 8-week experiment using twice a week biomass harvesting. Mohedano et al. [21] investigated nitrogen 
and phosphorus removal from piggery farm wastewater by duckweed. They observed 98% removal of TKN and 98.8% 
removal of TP in this study.
 A study by Farrell [23] explored the uptake and transformation of various pharmaceutical and personal care 
products (PPCPs) by duckweed. His study showed that L. minor and W. borealis were shown to remove PPCPs at 
the following rates from simulated wastewater: acetaminophen 99%; progesterone 98%; fluoxetine 90%; and 
sulfamethoxazole between 25 to 90% dependent on wastewater pH. Removal of these pharmaceuticals was found to 
occur by different mechanisms varying from sorption to contaminant uptake and transformation by the duckweed biomass 
[23]. Cui et al. [24] investigated the effects of temperature, nutrient content and photoperiods on starch accumulation 
in duckweed. However, starch content has been shown to be negatively related to growth rate [25].According to Cui 
and Cheng [26], high nutrient (and PPCP) uptake, high biomass production and its potential use as a feedstock for 
energy production (due to a high growth rate and high starch content) are beneficial characteristics of duckweed-based 
wastewater treatment systems. In most wastewater lagoons, however, the duckweed is never harvested and contaminant 
removal is limited. If harvested, contaminant removal as reported above will be realized, and harvested duckweed can be 
used as a sustainable and renewable feedstock for biogas production through anaerobic digestion of harvested biosolids.
 Anaerobic digestion is a biological process in which a consortium of facultative and strict anaerobic bacteria 
decomposes wastewater organic matter to produce methane and carbon dioxide in an oxygen free environment. Anaerobic 
digestion occurs via three main steps [27]:
1. Hydrolysis: During this step, insoluble organic solids are transformed to soluble intermediate organic molecules such 
as fatty acids, amino acids and simple sugars by fermentative bacteria.
2. Acidogenesis: In this step, the products of hydrolysis are converted to simple organic acids (e.g., acetic, prop ionic, 
butyric acid), carbon dioxide and hydrogen by facultative acetogenic bacteria.
3. Methanogenesis: In the last step, methanogenic bacteria metabolize the products from the acidogenesis step to 
methane and carbon dioxide.
 Various factors affect the anaerobic digestion of organic matter such as: pH, alkalinity and temperature of 
the substrate. Organic loading to a digester is also critical to control as the fermentation and acidogenesis steps are 
carried out by facultative organisms, while the methanogenesis step is carried out by strict anaerobic, slow growing, 
environmentally sensitive methanogenic bacteria. These methanogens are particularly sensitive to pH, and if organic 
loading is excessive, a build-up of organic acids, with a concomitant drop in pH can threaten the stability of this 
methanogen population and the anaerobic digestion process as a whole.
 The combined and sole usage of duckweed in anaerobic digestion for biogas production has been studied 
by only few researchers. Clark and Hillman [28] studied adding iron enriched duckweed to chicken manure-fed, lab 
scale anaerobic digesters (batch and semi-continuous). Their results showed that adding duckweed to semi-continuous 
digesters increased the biogas production by 44% compared to chicken manure alone. Triscari et al. [29] investigated 
the usage of duckweed (Landoltia punctate) in a farm scale anaerobic digestion system for dairy manure. They studied 
the changes in total gas and methane production by adding various amounts of duckweed biomass to dairy slurries used 
as anaerobic digester feed. This was done during a 20 to 40-day study period.
 These results showed that adding 0.5 to 2% (dry mass) duckweed to the digester had positive effects in terms 
of gas production, but that increased gas production was not seen for higher rates of duckweed loading. Kesaano [22] 
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studied the feasibility of using harvested duckweed from a small municipal wastewater lagoon for biogas production via 
anaerobic digestion, as a feedstock for ethanol production and as an animal feed. Ramaraj and Unpaprom [30] studied 
the effects of temperature on anaerobic digestion of duckweed. They observed biogas production efficiency of two batch 
fermenters for 45 days under room temperature, mesophilic (35ºC), and thermophilic  (50ºC) conditions. These results 
showed that the highest amount of gas production and methane percentage occurred under mesophilic conditions. The 
highest biogas methane content achieved was 64.47%.
 In this study, the loading limitations of lab-scale, batch fed duckweed anaerobic digesters, digester stability, 




 Two identical 10 L anaerobic digesters (with approximately 7.5 L active liquid volume) were constructed to 
evaluate the viability of using harvested duckweed from a municipal wastewater lagoon as a sole feedstock for the 
production of methane in an effort to optimize the use of duckweed biomass as an alternative biofuel.
 Duckweed feed to these reactors was harvested during spring and summer from the Wellsville municipal 
wastewater treatment lagoons (located in Cache Valley, Utah), using small nets to skim the floating duckweed biomass 
off the lagoon surface. The Wellsville lagoons are 23 ha and are located in an area protected from high winds that make 
it an ideal setting for growth of duckweed.
 Dense stands of duckweed cover the surface of the lagoons from late spring to early winter as indicated in Figure 
2. The harvested duckweed was air-dried for 3 days and ground to 1/2mm and kept in sealed zip-lock bags at ≤ 4°C prior 
to being feed to the lab-scale digesters.
Figure 3: Schematic of the Batch-fed Anaerobic Digesters
Figure 2: The Aerial View is from Google Earth and Bank View of Duckweed Covering the Wellsville Municipal Wastewater 
Treatment Lagoons, Wellsville, Utah [31]
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 The digester systems (Figure 3) consisted of 10 L glass reactors attached to a gas collection system containing 
a 5% solution of sulfuric acid with 4 g/L NaCl and methyl red indication to facilitate measurement of gas production. A 
schematic of the system is shown in Figure 3. The reactors were placed in a 25°C constant temperature room, and reactor 
temperature was maintained at an average of 28˚C using an external heating jacket. A small circulation pump (Master 
flex pump) was used to continuously circulate and mix the contents of the digesters.
 The quantity of gas produced was recorded on a daily basis. Three mL of gas were taken from a T-connector in 
the gas collection system (as shown in Figure 2) using a 10-mL syringe and analyzed for gas composition using a Varian 
3400 GC (Walnut Creek, CA) with an All Tech CTR I column 6́ ×1/4˝ outer and 6́ ×1/8˝ inner SS (stainless steel) using a 
thermal conductivity detector (TCD). The Gas chromatograph (GC) was calibrated every time and gas samples were run 
using single point calibration with 100% methane, 100% carbon dioxide and 100% air standards (Praxair). Daily liquid 
feed samples of 500 to 650 mL were added to each reactor after an equivalent volume of reactor contents was removed 
from each reactor using large diameter syringes. These reactor effluent samples were used to monitor the temperature 
and pH of the reactors over time.
  The digesters were operated for more than 24 months during this study. At the beginning of the experiment 
the digesters were fed a mixture of calcium acetate (0.5-2 g) and duckweed (0-1.7 g dry) every 3 days. Gradually, 
by decreasing the amount of calcium acetate feed, the digesters began operating solely on duckweed starting 
in Month 6 (Day 177) of the study. During this acclimation period, the reactors were fed a total of 250 mL/d of 
calcium acetate duckweed bio solids slurry. After Day 177, the reactors were fed an equivalent total slurry volume 
of 167 to 600 mL/d, for an average hydraulic retention time (HRT) from 54.5 to 12.5 days by the end of the study. 
Results
 The digesters were fed every other day for most of the experimental period. During the experiment, the amount 
of feed was increased gradually from 1.7 g to 5.6 g dried duckweed/feeding event (1.18g volatile solids (VS) to 3.9 g 
VS), equivalent to 2.3 g to 7.6 g chemical oxygen demand (COD)/feeding event or 0.23 to 0.75 g dried duckweed /L 
digester volume of per feeding event. The change in corresponding reactor hydraulic time during the study is shown in 
Figure 4. The digesters were solely operational on duckweed feed starting on the 177th day after the beginning of the 
study. Therefore, in all the graphs presented below, the 177th day is highlighted by a vertical line.
Figure 4: Fourteen-day Moving Average of Hydraulic Retention Time in the Lab-scale Anaerobic Digesters during the Study 
Period. Note the Changing Feed Rate to the Digesters over Time
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Figure 5: Daily pH Values for Both Laboratory Digesters. Note the Changing Feed Rate to the Digesters over Time
Water Quality Parameters
  Maintenance of digester pH is critical to ensure excess volatile fatty acid accumulation does not occur with a 
resulting catastrophic drop in pH. Results shown in Figure 5 indicate that the pH for both digesters was maintained at an 
acceptable range between 6.5 and 8.0 despite significant increases in digester VS loading and reductions in HRT over 
the course of the study.
Gas Production Observations
  Large fluctuations in gas production shown in Figure 6 were due to high gas production observed the day after 
feeding compared to gas production after a non-feeding day. Gas production rates reached a maximum of 1650 mL/day 
by the end of the study.
  Figure 7 shows that in both reactors the average quantity of total gas production/g VS added plateaued at Day 
330 at approximately 410 mL/g VS (290 mL/g dried duckweed) added to the reactors. Results shown in Figure 8 were 
generated from daily gas composition data. These results indicate that a maximum methane percentage of 77%, and 
an average of approximately 66%, was observed in this study. These data also indicate that the reactors reached their 
maximum solids stabilization efficiency of 410 mL total gas/g VS added, or 271 mL methane/g VS added, that was 
maintained over a wide range of VS loadings of 2 to 3.9 g VS/d from Day 330 to the end of the study period at Day 727.
Figure 6: Average Daily Total Gas Production from the Lab-scale Anaerobic Digesters. Note the Changing Feed Rate to the 
Digesters over Time
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Figure 7: Total Normalized Gas Production, mL/g VS Added, Measured during the Study. Note the Changing Feed Rate to the 
Digesters over Time
Figure 8: Percentage of Methane and Carbon Dioxide in the Digester Gas Produced by Each Reactor during the Study. Note the 
Changing Feed Rate to the Digesters over Time
Theoretical COD Estimates and Solids Digestibility
 The molecular formula of duckweed was determined by Kesaano [22] based on an elemental composition 
analysis on an ash-free basis, excluding sulfur to be: C102H159N9O60P, yielding a molecular weight for the duckweed 
biomass of 2469 g/gmol on a dry weight basis. The theoretical COD of this dry duckweed biomass can then be calculated 
as follows:
  105 66 102 9 (1)102 159 9 60 2 2 2 3C H N O O H O CO NH+ → + +
  
105(16 x 2) / 21.36 (2)
2469 /
g Og moleCOD
g mole g dry weight VS Duckweed
= =
The theoretical COD of methane is calculated as:
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  2 2 (3)4 2 2 2CH O H O CO+ → +
 According to Equation 3, each mole of methane has an equivalent of 2 moles of oxygen; i.e., 1 gmol of methane 
represents 4 gmol of oxygen demand. At 1 atm and 24˚C (gas collection system operating temperature), 0.25 gmol 
methane (1 gmol COD equivalent) occupies 375 mL volume. Theoretically, 1 kg of COD removed results in 0.375 m3 
methane produced at 1 atm and 24ºC, and correspondingly, 1 g dry duckweed biomass Anaerobically digested has a 
methane production potential of 0.51 m3 methane at 1 atm and 24°C.
 Based on the analysis above, the digestibility, or the process conversion efficiency of the duckweed through 
these laboratory anaerobic digesters can be determined by comparing the cumulative theoretical methane COD produced 
to the cumulative theoretical duckweed COD removed based on Equation 2 (Figure 9). The conversion efficiency of 
cumulative duckweed COD removed versus cumulative methane COD produced is the slope of the regression line for 
data plotted in Figure 10. The results show that the conversion efficiency for Reactor 1 and Reactor 2 are 80% and 77%, 
respectively.
Figure 9: Digestibility of Duckweed Based on the Ratio of Cumulative Methane COD Equivalent to Cumulative COD Equivalent 
VSS Removal in the Laboratory Digesters over Time
Figure 10: Conversion Efficiency of Duckweed COD Removed to Methane COD Measured over Time for Both Digesters during 
the Study
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Discussion
 Duckweed solids management required in a wastewater treatment scenario is ultimately determined by the 
treatment performance requirements of the system. In the Wellsville lagoon case, duckweed growth and harvesting has 
been proposed as a feasible and inexpensive alternative for total P removal from the lagoon effluent. According to permit 
UT0020371, the allowable discharge of phosphorus from Wellsville lagoons is 432 kg-P/yr [32]. The lagoons receive 
approximately 0.656 MGD flow [23, 33], with an average total P concentration from 3.88 to 5.0 mg-TP/L.
 Assuming a 5.0 mg-TP/L influent concentration, total phosphorus load into Wellsville Lagoons is 4532 kg-TP 
yr. Farrell [23] assumed that 15% of the total phosphorus entering the lagoons is trapped in the sediments (680 kg-TP 
yr). Therefore, 3420 kg-P/yr must be removed from the lagoons in order to meet the UPDES allowable limits. With 1% 
of duckweed biomass being phosphorus [23], the total dry-duckweed that needs to be harvested annually is 342,000 kg 
dry duckweed. To sustainably manage total P in the effluent of these Wellsville lagoons, annual duckweed harvesting 
would have to take place during the optimal seasonal duckweed growth period (May till mid-November) equivalent to: 
2 2342,000 kg dry duckweed/23 ha 10,000 m /ha /season = 1.49 kg/m /se( ) ason
 Farrell [23] used a model developed by Lasfar et al. [34] to predict the total duckweed growth in Wellsville 
Lagoons during the harvest season based on the initial density of the duckweed and frequency of harvest. The results 
from these predictions indicate that if these 23 ha lagoons are harvested on a weekly basis to an initial post-harvest 
density of 60 to 80 g dry/m2, more than 1500 g dry-duckweed/m2/season can be produced, meeting the total P removal 
requirement of the UPDES wastewater discharge permit, and representing the potential biomass available as feed to 
anaerobic digesters.
  As demonstrated in this study, the harvested duckweed can be used in anaerobic digestion to produce biogas 
(methane) and generate energy. From the biomass harvesting requirements established above for required total P 
removal, a total of 937 kg-dry duckweed/d would be available as a feedstock for anaerobic digestion. Considering the 
findings of this study, 0.52 g VS (0.75 g-dry duckweed)/d/L of the digester could be fed and maintain stable operating 
conditions in an anaerobic digester. Therefore, a 125,000 L digester volume is needed. Results from this study indicate 
an average expected gas production rate of 290 mL/g dry duckweed (410 mL/g dry VS) added to the reactor, indicating 
the production of 271,730 L total gas daily. According to the results from this study approximately 66% of this gas is 
methane; so the projected methane production rate is approximately 179,342 L/d, which is equivalent to 9,612,500 Btu 
/d (0.05 MW power equivalents at 40% conversion efficiency).
  This case study shows that harvesting duckweed can have multiple benefits in terms of both phosphorus controls 
in municipal wastewater lagoon effluent, as well as being used for the production of a sustainable quantity of energy 
from biogas generation.
Summary and Conclusions
 This study focused on the potential use of duckweed harvested for nutrient removal from shallow wastewater 
lagoons and nutrient rich ponds as a feedstock for anaerobic digestion for production of biogas and energy. Lab scale 
10-L anaerobic digesters were operated successfully at a HRT = SRT of from 45 d to 12.5 d at the end of a more than 
24-month study period using duckweed biomass harvested from the Wellsville municipal wastewater lagoons as the sole 
substrate for these digesters. Findings from the study showed that:
• The average gas production rate for reactors was 290 mL/g dried duckweed (410 mL/g VS) added/day.
• The maximum methane composition observed in the reactors was 77%, with an average methane composition of 
approximately 66% over the entire study period.
• The COD conversion efficiency for Reactor 1 and Reactor 2 were 80% and 77%, respectively, based on methane 
produced/g duckweed solids destroyed.
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• Removal of 3,420 kg-P/yr from these lagoons is possible to meet the facility’s UPDES permit using a 937 kg-dry 
duckweed/d harvesting scheme during the active biomass production period in Northern Utah.
• Using the harvested duckweed as feedstock for anaerobic digesters is expected to sustainably produce 271, 730 L total 
gas (179, 342 L methane) and an energy equivalent of 9,612,500 Btu daily for this small municipal treatment facility.
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